Ammonia losses from broadcast urea vary based on soil physical and chemical properties; however, less is known about how soil properties affect NH 3 losses after subsurface banding of urea. Therefore, three field trials were established to determine how initial soil moisture, clod size, and clay content affect NH 3 volatilization from subsurface-banded (0.025-m depth) urea using wind tunnels. The first study measured volatilization after banding in a loamy mixed frigid Typic Humaquept at 50, 100, 150, 200, or 250 g kg −1 gravimetric water content (WC). Study 2 measured volatilization from the same soil after covering the bands with soil clods that ranged from <2 to >24 mm in diameter, whereas Study 3 measured volatilization from transplanted, acidic soils with clay contents ranging from 5 to 57%. Cumulative 17-d NH 3 losses for study one ranged from 8.3 to 20.8% of applied N, with the soil wetted to 200 g kg −1 WC experiencing the greatest losses. For Study 2, cumulative NH 3 volatilization losses ranged from 10.8 to 20.8% of applied N, with the greatest losses from the largest clod sizes. For Study 3, NH 3 losses ranged from 2.5 to 51.7% of applied N, with the NH 3 losses correlated to the maximum pH measured in the band (P < 0.001), and to the soil cation exchange capacity (P = 0.054), titratable acidity (P = 0.072), and clay content (P = 0.100). However, the soil with high silt, not sand, content had the highest volatilization losses, suggesting that high silt soils may have the greatest potential for NH 3 volatilization.
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Effects of Initial Soil Moisture, Clod Size, and Clay Content on Ammonia Volatilization after Subsurface Band Application of Urea D. E. Pelster,* Devon Watt, Ian B. Strachan, P. Rochette, N. Bertrand, and M. H. Chantigny U rea is a commonly used N fertilizer in North America, accounting for ?25% of all N fertilizer in the United States (USDA-ERS, 2018) and almost 45% of N fertilizer production in Canada (Statistics Canada, 2018) . These high rates of production and use can be attributed to how easily and cheaply it can be manufactured, stored, distributed, and handled (Hauck, 1984) . However, NH 3 losses from broadcast urea can be large, accounting for up to 60% of the applied N (Raun and Johnson, 1999; Rochette et al., 2009a) . The wide ranges in NH 3 losses have been associated with differences in soil humidity (Bouwmeester et al., 1985; Al-Kanani et al., 1991) and texture (Fenn and Kissel, 1973; Stevens et al., 1989) , with greater losses from more humid and finer textured soils.
To reduce NH 3 losses, urea is often applied in a subsurface band (Bouwmeester et al., 1985; Rochette et al., 2009a) . The purpose of placing the urea at depth is to extend the path length between the NH 3 source and the soil surface where the NH 3 can be volatilized. Ammonia volatilization rates are related to gas diffusivity (Overrein and Moe, 1967) , which in turn is affected by soil gravimetric water content (WC), overlying soil bulk density, and soil texture (Thorbjørn et al., 2008) . Banding of urea is generally done mechanically with tines producing the trenches followed by compressing wheels to recover the urea and repack the soil. The size of soil clods and porosity of the soil covering the band will vary depending on soil WC, structure, texture, and the amount of force exerted by the compressing wheels. Previous studies have examined the effect of soil WC and texture on NH 3 volatilization losses (Fenn and Kissel, 1973; Reynolds and Wolf, 1987b; Stevens et al., 1989; Pelster et al., 2018) ; however, these were either mesocosm studies or the fertilizer was broadcast.
In certain circumstances, subsurface-banded urea increased NH 3 volatilization (Rochette et al., 2009b) , indicating uncertainty in our understanding of how soil properties affect NH 3 volatilization from banded urea. Since urea hydrolysis consumes H + ions, localized pH increases are generally greater when urea is banded than when urea is broadcast (Engel et al., 2010) . The greater increase in soil pH on and near the band can lead to greater NH 3 losses because of the strong effect that pH has on the NH 4
• Greater NH 3 losses from soils at 200 g kg −1 water content than at £150 g kg −1 .
• Covering the urea band with clods <6 mm reduced NH 3 losses.
• Soil NH 3 losses correlated closely to the maximum pH reached in the band and soil CEC.
• The highest NH 3 losses were from soils with low clay and high silt content.
• Previous Canadian studies on NH 3 loss from banded urea may overestimate losses.
soil properties that buffer soil pH changes, such as soil buffering capacity and titratable acidity (TA) (Fenn and Kissel, 1976; Izaurralde et al., 1987) , may play a greater role in limiting NH 3 losses from banding. Soil clay content tends to be correlated with buffering capacity, TA, cation exchange capacity (CEC), and increased NH 4 +-N fixation rates and is known to reduce NH 3 volatilization loss after urea application (Fenn and Kissel, 1973; Reynolds and Wolf, 1987a) .
In Canada, even though urea banding is common, there are few studies investigating the NH 3 losses from banded urea with most of these studies occurring on a single soil type (Rochette et al., 2001 (Rochette et al., , 2009a (Rochette et al., , 2009b (Rochette et al., , 2013 . Thus, the study objective was to determine how initial soil WC, size of overlying clods, and physicochemical properties affect NH 3 volatilization from slightly acidic soils after subsurface banding of urea.
Materials and Methods

Experimental Design
Three studies were performed at the St-Lambert , pH = 5.5, and total C = 22.0 g C kg −1 soil for the 0-to 0.30-m depth). The first study examined the effects of initial soil WC on NH 3 volatilization losses after urea application, the second study examined the effects of soil clod size on NH 3 volatilization losses after applying urea, and the third study compared NH 3 volatilization loss from urea bands applied to seven different soils with a wide range of physical and chemical properties ( Table 1 ) that were collected from four local sites and transplanted to the research farm.
Exchangeable bases, CEC, and base saturation were measured on sieved (6-mm) soils using the BaCl 2 method (Hendershot et al., 2008) , whereas particle size distribution was determined using the pipette method (Kroetsch and Wang, 2008) . Titratable acidity (to pH 9.0) was determined using the method outlined in Izaurralde et al. (1987) . Total C was measured on oven-dried (55°C for 3 d), finely ground (ball-mill grinder) soil samples using a dry combustion analyzer (CNS 1000, LECO Corporation). Because the soils were acidic, we assumed that total C equaled total organic C (Nelson and Sommers, 1982) .
Influence of Initial Soil Water Content
Approximately 700 kg of topsoil (0-to 0.10-m depth) was collected from the research site and transported to the laboratory, where the soil was air dried for 1 wk and then sieved (6-mm mesh). In soil subsamples, a water retention curve was developed using pressure plates (Reynolds and Topp, 2008) to determine the tensions required to bring soils to a WC of 50, 100, 150, 200, and 250 g kg −1 soil. The WCs of the soils were determined on a dry weight basis (kg kg −1 dry soil), after drying the soils at 105°C until constant weight was achieved (?24 h). Approximately 140 kg of soil was brought to a WC of 50, 100, 150, 200, and 250 g kg −1 soil by slowly adding distilled water at the determined tension on the pressure plates.
The experimental site was prepared for six treatments (five different initial WC with added urea and a nonfertilized control at a WC of 100 g kg −1 ) replicated eight times each. Four replicates were fitted with wind tunnels (0.5 m wide by 2 m long) for measuring NH 3 volatilization, whereas the other four replicates were established under an adjacent open-ended greenhouse for sampling and analysis of soil properties. The plots in the wind tunnels and greenhouses were laid out as randomized complete blocks. For each replicate, a shallow trench (0.3 m wide by 0.025 m deep) was made using spades on 3 June 2013 and filled with the sieved soil at the appropriate WC. The underlying soils (i.e., the soils underneath the transplanted soils) at this time were at a WC of ?200 g kg . A simulated rainfall of 5 mm was applied after 10 d using watering cans. The simulated rainfall was added to maintain soil water content similar to natural conditions. Soil properties and NH 3 volatilization losses were monitored for 17 d after urea application.
Influence of Clod Size in Repacked Soil
For the second experiment, soil was collected from the same study site as above and dry sieved using a series of progressively smaller mesh sizes. Soil clods were separated into different size classes (>24, 12-24, 6-12, 2-6, and <2 mm) . Five treatments of the different clod size classes and an unfertilized control (trench covered using the bulk soil) were replicated four times in a randomized complete block design. On 8 July 2013, on a different part of the field used in the previous study, a small 2-m-long trench (0.1 m wide by 0.025 m deep) was made in the center of each plot using spades, and urea was banded at the center of the trench at a rate equivalent to 160 kg N ha . Ammonia volatilization losses were monitored for 18 d using the same wind tunnels mentioned above. A 5-mm simulated rainfall was added to the plots after 10 d using watering cans.
Influence of Soil Properties
The third study compared volatilization from different soil types under annual cropping systems (all cereals except for the SteCatherine soil, which was under potato [Solanum tuberosum L.] cultivation) with a range of clay contents ( Table 1 ) that were transplanted to the St Lambert research farm. Seven different soils were fertilized with urea, and the soil present at the site (i.e., St-Lambert soil) acted as a control (no added urea). Prior to the study, ?0.5 m 3 of topsoil (0-to 0.10-m depth) from each soil type was collected and sieved (6-mm mesh). Each soil type was transplanted to three replicated plots under wind tunnels, and four replicated plots in an adjacent open-ended greenhouse. In both the greenhouse and the wind tunnels, the plots were laid out in complete randomized blocks. A trench (0.25 m wide by 0.10 m deep) was made in each plot and filled with the appropriate soil. The soils were saturated with water on two dates (10 July and 1 Aug. 2014) to promote settling. On 8 Aug. 2014, after the soils had settled, a smaller trench (0.05 m wide by 0.025 m deep by 2 m long) was dug into the center of the transplanted soil. On 11 Aug. 2014, the soils were brought to a WC equivalent to −3 bars, after which the urea was applied (equivalent to 160 kg N ha −1 ). The soils were then repacked over the urea to a bulk density of 1 Mg m −3 and soil properties and NH 3 volatilization were monitored for the following 17 d. Simulated rainfall (5 mm) was added 7 and 14 d after urea application.
Ammonia Volatilization
Ammonia volatilization was measured using wind tunnels (Lockyer, 1984; Rochette et al., 2001) . Each plot was covered with an open-ended 0.5-m ´ 2.0-m Plexiglass dome attached to a steel duct. The duct housed a fan that drew air through the tunnel at a constant rate (15 m 3 min −1 ), with the air volume verified using a domestic gas flow meter. The sampling points for air entering and exiting the system were located as suggested by Loubet et al. (1999) and were sampled at 3 L min −1 . The NH 3 in the sampled air was converted to NH 4 + using a 100-mL acid trap (5 mM H 3 PO 4 ). Concentrations of NH 4 +-N in solution were analyzed using colorimetry (Model QuickChem 8000 FIA+, Lachat Instruments). Air temperature and velocity were measured within the tunnels using a hot-wire sensor (Model KM 4007, Comark). Soil WC were measured following urea application on Days 2, 4, 8, 9, 11, and 16 at the entrance of the wind tunnels using time domain reflectometry (TDR) probes. The NH 3 volatilization losses (
where F is the air flow rate (L h −1 ) through the tunnel, A is the surface area covered by the tunnel (m 2 ), and C o and C i are NH 4 +-N concentrations in the acid traps at the outlet and inlet, respectively. The acid traps were changed after 1, 2, 4, 6, and 8 h, then three times daily from Day 2 to Day 5, and then daily until the measurements were stopped. Cumulative NH 3 volatilization was calculated by summing the amount of NH 3 volatilized in each sampling period. Daily rainfall, soil temperature (0.02-m depth), air temperature, and relative humidity were recorded using an onsite meteorological station. The proportion of applied N lost as NH 3 was calculated by subtracting the cumulative emissions of the unfertilized control from the cumulative emissions of each treated soil.
Soil Properties
Soil pH and NH 4 + -N concentrations were measured periodically after urea application in Studies 1 and 3. Within each plot, five soil cores (0-to 0.02-m depth) were randomly collected within the urea band using a stainless steel corer (0.025-m diam.) and combined into one composite soil sample. Soil pH was determined by creating a slurry with a 2:1 ratio of 5 mM CaCl 2 to soil slurry and then measuring the pH of the slurry with a glass electrode. Soil mineral N concentrations were determined by combining 25 g fresh soil and 125 mL of 1 M KCl in 250-mL plastic centrifuge bottles and mixing on a reciprocal mixer for 1 h. The slurry was then centrifuged at 3000g for 10 min, with the supernatant poured through a prewashed (1 M KCl) Whatman No. 42 filter paper. The filtrate was then analyzed for NH 4 + -N using the same colorimeter described above.
Statistics
For all three studies, we used ANOVA to investigate differences in cumulative NH 3 volatilization losses between the different treatments, with treatment as a fixed factor and replicates as a random factor. We used ANOVA to test for differences in maximum extractable NH 4 +-N and maximum change in pH (maximum pH − initial pH, DpH) for Studies 1 and 3 using treatment as a fixed and replicate as random factors. Also, for Study 3, we used ANOVA to test for differences in the proportion of applied N lost as NH 3 (NH 3 emission factor) using soil type as a fixed and replicate as a random factor. We tested the residuals for normality using Shapiro-Wilks and, where appropriate, the volatilization rates were either square root or log transformed. When the ANOVA was significant (P < 0.05), differences between treatments were determined using Tukey's honest significant difference test.
For the third trial, Pearson's correlation was used to examine relations among soil properties. Linear regression was used to measure the relationship between cumulative NH 3 volatilization and DpH, the maximum value for pH (pH max ), the maximum value for NH 4 +-N concentration (NH 4 + max ), soil clay content, CEC, base saturation, TA, and organic C content. We also used multiple linear regression (forward selection procedure) to further investigate the mechanisms for NH 3 volatilization. There were 12 soil parameters investigated with the most highly correlated parameter added to the model one at a time, until all remaining parameters had no significant correlation with the model residuals. The models were then compared using the Akaike and Bayes information criteria (AIC and BIC, respectively) to balance accuracy with parsimony. The model with the lowest AIC and BIC was selected as the preferred option.
Adherence to model assumptions was tested through examination of normal probability plots of the residuals. All analyses were done using R version 3. 4.3 (R Core Team, 2018) .
Results
Influence of Initial Soil Water Content
Ammonia volatilization was first detected from the fertilized plots between 48 and 72 h after application (Fig. 1a) . Volatilization rates remained elevated for the next 7 to 8 d. Volatilization rates began to decrease before increasing again when the 5 mm of simulated rainfall was added. After ?15 d, volatilization rates began to approach baseline rates, resulting in a plateau in the cumulative emissions (Fig. 1a) . Peak volatilization rates ranged from 56.3 (in the 50 g kg −1 WC treatment) to 136.2 mg NH 3 -N m −2 h −1 (in the 200 g kg −1 WC treatment). The pH in the soils at 200 and 250 g kg −1 WC was greater after 24 h than the soils at 100 and 150 g kg −1 WC (P < 0.05), whereas the pH in soils at 250 g kg −1 was also higher than the soils at 50 g kg −1 WC (P = 0.005). However, these differences in pH disappeared after 72 h (Fig. 1b) . The change in pH (DpH) was slightly greater when soils were at 150 g kg −1 WC compared with soils at 200 g kg −1 (P = 0.097) and at 250 g kg −1 WC (P = 0.050).
Similar
WC treated soils compared with the fertilized 100 and 150 g kg −1 WC soils (P < 0.05 for all), with these differences disappearing at 96 h after banding (Fig. 1c) .
Although soil WC was initially different between the treatments, the WC quickly equilibrated with the surrounding soils so that after 3 d, all soils were between 100 and 170 g kg −1 WC (Fig. 1d) . Cumulative NH 3 losses from the fertilized plots ranged from 13.6 to 33.2 kg NH 3 -N ha −1 (from 8.5 to 20.8% of applied urea N), whereas volatilization losses from the 0-N control remained near zero through the entire measurement period. Ammonia losses were up to 60% higher in the 200 g kg −1 WC plot than in the 50 (P = 0.010), 100 (P = 0.003), and 150 g kg −1 (P = 0.010) plots, whereas losses from the 250 g kg −1 WC plots were intermediate and statistically similar to all other fertilized plots.
Influence of Soil Clod Size
Similar to the soil WC study, NH 3 losses did not occur until 48 h after the urea banding, with emissions peaking between 72 and 96 h after application (Fig. 2 ). Peak volatilization rates 
Influence of Soil Physicochemical Properties
Although there was no measurable NH 3 volatilization from the unfertilized St-Lambert soil, the commencement of NH 3 volatilization from the different fertilized soils occurred at different times. Ammonia volatilization was first measured from the fertilized St-Lambert soil, after ?72 h, whereas the Chapais, Ste-Catherine and 28-8 soils first began to lose NH 3 after ?96 h. The heavier textured soils from Harlaka (G4-3a, G4-3c, and G5) did not show any NH 3 volatilization until at least 144 h after urea application (Fig. 3a) . Cumulative NH 3 losses ranged from 8.9 to 65.3 kg NH 3 -N ha −1 (5.6-40.8% of applied urea N, Table 2 ) with the lowest losses coming from the G4-3c soils and the highest losses from the St-Lambert soil (Fig. 3a) . Soil pH increased most rapidly in the St-Lambert soil, although the pH in the Chapais, Ste-Catherine, and 28-8 soils also increased quickly, with the pH in all four soils peaking 8 d after banding (Fig. 3c) . The three heavier textured soils (G4-3a, G4-3c, and G5) showed slower increases in pH, with the highest pH measured 16 d after banding. All soils were initially at −3 bars water pressure, however, due to the different soil textures this resulted in a wide range of soil WC, ranging from 0.063 to 0.182 m 3 m −3 (Fig. 3d) . Soil WC decreased rapidly over the first week, until the 5-mm simulated rainfall. After the peak moisture from the simulated rainfall, soil WC again decreased. The NH 4 + -N concentrations in all soils increased dramatically, reaching a mean concentration of 1904 mg NH 4 + -N kg −1 soil in the coarse-textured Chapais soil (Fig. 3b) . During the first week, the high clay soils (G4-3a, G4-3c, and G5) had lower NH 4 + -N concentrations than the low clay soils (Chapais, St-Lambert, 28-8). However, the soils from Ste-Catherine, which had the lowest clay content (Table 1) , had soil NH 4 + -N concentrations that were similar to the high-clay soils (Fig. 3b) . The NH 4 + -N concentrations in low clay soils peaked earlier (around 7 or 8 d after urea application), whereas the high-clay soils peaked much later (between 14 and 16 d after urea application) (Fig. 3b) .
The natural log of the cumulative flux was strongly correlated (P < 0.001) with the soil pH max (Fig. 4) . The natural log of the cumulative volatilization losses was also weakly correlated with the soil clay content (P = 0.100), CEC (P = 0.054), and TA (P = 0.072) (Fig. 4) . Cumulative NH 3 volatilization losses were not significantly correlated with sand content, NH 4 + max , DpH, total C, base saturation, or Mg 2+ and Ca 2+ concentrations (P > 0.10 for all). However, many of the soil parameters that were weakly correlated with cumulative volatilization losses were also correlated with each other and with pH max (Table 3 ). The multiple linear regression indicated that a three-parameter model (including pH max , Mg 2+ concentration, and soil sand content) best predicted cumulative NH 3 volatilization losses, accounting for 70.8% of the variability. The parameter coefficients, significance, fit statistics, and the AIC and BIC for the three models are shown in Table 4 .
Discussion
Influence of Initial Soil Water Content
The results suggest that there is an optimum WC for NH 3 volatilization. Soils drier than the optimum WC (which in our soils was ?200 g kg −1
) were likely too dry for rapid urea hydrolysis (Wali et al., 2003) , as indicated by the slower rate of NH 4 + -N accumulation (Fig. 1c) , no change in soil NO 3 − accumulation until the 15th day (data not shown), and slower increase in soil pH (Fig. 1b) in the 50, 100, and 150 g kg −1 WC treatments. Any NH 3 produced in the lower WC treatments can easily be lost because at lower WC, water fills up soil micropores first, promoting preferential gas St-Lambert 40.9 ± 5.6d
28-8 (Harlaka) 37.0 ± 4.6cd G4-3a (Harlaka) 15.2 ± 3.0ab G4-3c (Harlaka) 5.6 ± 2.6a G5 (Harlaka) 12.1 ± 2.8ab † Different superscript letters indicate differences between treatments (P < 0.05). flow through macropores reducing the gas diffusion path length. As WC increases, these larger pores also fill, reducing gas diffusion rates. Thus, maximum NH 3 volatilization losses after subsurface banding would occur where there is sufficient soil water to facilitate urea hydrolysis, but still enough air in the overlying soil to allow for rapid flow (diffusion of NH 3 is >10 4 times higher in air than water) of the NH 3 to the soil surface. The slower NH 4 + -N buildup in the soils at 150 g kg −1 WC or less, as well as the slower NH 3 transport through water in the 250 g kg −1 WC, would provide greater opportunity for the N to be fixed and/or adsorbed to the soil CEC or converted to other N forms (e.g., nitrification). Also, at the suboptimal WC, the NH 3 may be transported laterally through the soil, away from the zone with the high pH where it can then revert to NH 4 + -N. Since the volatilization losses were lower in the 250 versus the 200 g kg −1 WC treatment, we believe that the transition from filling of micropores to the filling of macropores with water occurred between 200 and 250 g kg −1 WC in these soils. Previous studies (Bouwmeester et al., 1985; Reynolds and Wolf, 1987a; Al-Kanani et al., 1991) have found that NH 3 volatilization increases with initial soil WC up to 300 g kg −1
, suggesting that the optimum WC for NH 3 volatilization may not be consistent across soil types and textures. The different optimum WC for volatilization between the present study and previous studies could also be related to the placement of soils with a WC of 50, 100, 150, 200, or 250 g kg −1 onto soils that had a WC of ?200 g kg −1
. As a result of the differences in water tension, the direction of diffusive water flow would vary among the treatments, depending on concentration gradients between the transplanted and surrounding soils. However, how differences in the direction of diffusive water flows (either from transplanted to underlying or vice versa, or even no flow at all depending on concentration gradients) affected volatilization rates requires further experimentation.
Influence of Soil Clod Size
The plots with largest clods (>24 mm in diameter) had higher NH 3 losses than the plots with much smaller clods (<2 [P = 0.010], 2-6 [P = 0.003], and 6-12 mm [P = 0.058] in diameter). Initially, the underlying soils had WC ranging from 150 to 200 g kg −1 , which, as noted above, should be close to optimal conditions for urea hydrolysis and NH 3 volatilization. The effect of clod size was probably not so much a function of the clods themselves, but rather the pore size and distribution. Visual inspection of the trenches indicated that the larger clods provided larger and more contiguous pores, which would facilitate gas transfer from soil to atmosphere. In fact, for the >25-mm clod, the pore size and distribution may be large enough to allow NH 3 transfer to the soil surface via convective rather than diffusive air flow, thereby increasing the loss rate. In the plots with smaller clods, pores would be smaller and the path to the soil surface would be longer and more tortuous, thereby slowing the movement of NH 3 to the soil surface while providing greater opportunities for NH 3 to bind to the soil matrix. Rapid diffusion to the soil surface was likely the primary reason for ?50% higher NH 3 volatilization in plots with the largest clods versus plots with the two smallest clods (losses equivalent to 20.9% of applied N for the largest clods versus 15.3 and 14.4% of applied N for the two smallest clod sizes). Consequently, it is important to incorporate urea in bands when soils are not prone to forming large, hard clods (e.g., too dry).
Influence of Soil Physicochemical Properties
The percentage of applied N lost as NH 3 averaged 23% of applied N across the seven transplanted soils. This was almost double the losses measured from banding urea at the 5-cm depth at the same site (Rochette et al., 2013) but was consistent with two previous studies in Argentina examining NH 3 volatilization from subsurface-banded (2-cm depth) urea where losses were between 20 and 24% of applied N (Álvarez et al., 2007; RimskiKorsakov et al., 2012) . The values in the current study were also higher (approximately five times greater for the heavy-textured soils and 1.5 to 2 times greater for the medium-and coarse-textured soils) than an incubation study that used some of the same soils (Pelster et al., 2018) . However, in the incubation study, the urea bands were placed at 0.05-m depth, compared with 0.025 m in the present study. Banding urea at 0.025-versus 0.05-m depth resulted in approximately two times more NH 3 volatilization from the shallow application (Rochette et al., 2013) , approximately the same increase noted in the current study for the medium and coarse-textured soils, but less than the fivefold increase noted for the high clay soils. As the previous study used a medium-textured soil (Rochette et al., 2013) , it may be that the dynamic between band depth and volatilization losses differs based on soil texture, indicating that urea bands may not need to be buried as deeply in fine-textured soils. However, this requires further investigation, as variables other than banding depth such as temperature (Ernst and Massey, 1960; Fenn and Kissel, 1974) , air humidity (Bouwmeester et al., 1985; Reynolds and Wolf, 1987a) , and wind speed (Sommer et al., 1991) may have also caused the differences in volatilization between the field (i.e., current study) and incubation study (Pelster et al., 2018) .
Cumulative NH 3 losses were negatively, albeit weakly, correlated with some of the soil properties, including clay content, CEC, and TA (Fig. 4) . Even though the initial soil pH of all the soils were <7 (Table 1) , NH 3 volatilization losses were strongly correlated with pH max (P = 0.010; R 2 = 0.717). This relationship does not seem linear, as the R 2 of the model increased when the NH 3 loss was log transformed (P = 0.001, R 2 = 89.3%, Fig. 4 ). Previous studies (Ferguson et al., 1984; Sommer et al., 2004) also noted that pH max in the soil was strongly correlated with NH 3 losses and suggested that this was related to the large change in the NH 4 + /NH 3 equilibrium between pH 7 and 10, with the higher pH shifting the equilibrium more toward NH 3 (Bates and Pinching, 1950) .
Previous studies have linked TA with reduced NH 3 volatilization (Ferguson et al., 1984; Izaurralde et al., 1987) because high TA reduces soil pH max (Table 3 ) and therefore reduces the changes to the NH 4 + /NH 3 equilibrium, maintaining a greater proportion of NH 4 + (Bates and Pinching, 1950) . The negative correlation (P = 0.10) between volatilization and clay content may be related to the strong correlation between clay content and TA (Table 3 , P < 0.001); however, it may also be caused by lower total porosity and gas diffusivity in fine-textured soils (Moldrup et al., 2004) , limiting gaseous N losses when urea is placed at a greater depth. The CEC, which was positively correlated with soil clay content (Table 3) , can also adsorb NH 4 + , thus reducing the amount of free NH 3 that could be volatilized (Fig. 4) . The capacity of a soil to fix NH 4 + is also positively correlated to Ca 2+ and Mg 2+ concentrations (Dontsova et al., 2005) , as both of these ions can be replaced by NH 4 + in the clay lattice (Barshad, 1954) . The strong correlation between clay content and CEC, and between clay content and Ca 2+ and Mg 2+ concentrations, suggest that capacity to adsorb or fix NH 4 + was higher in the fine-textured soils. Previously, Pelster et al. (2018) reported that NH 3 losses were closely related to NH 4 + concentrations in the soil solution. Thus, the higher adsorption and fixation rates in a fine-textured soil (e.g., the G4-3a, G4-3c, and G5 soils from Harlaka used in this study) would reduce the NH 3 source strength, which combined with the lower gas diffusivity of these soils would lead to decreased volatilization losses at the soil surface.
The negative correlation between volatilization losses and clay content after application of NH 3 -based fertilizers was consistent with previous laboratory incubation studies (Reynolds and Wolf, 1987b; Pelster et al., 2018) that found that soil clay content was strongly correlated (R 2 between 0.75 and 0.978) with NH 3 volatilization losses. These correlations from the incubation studies were much stronger than the correlation in the present study (P = 0.100, R 2 = 0.337), suggesting that although clay content can accurately predict NH 3 volatilization under controlled conditions, the relation becomes more variable under field conditions, where wind speed, soil and air temperature, and soil water content are all allowed to fluctuate. Indeed, a previous field study found no effect of soil clay content on NH 3 volatilization losses after urea application (Burchill et al., 2016) . However, the clay content of the soils in the Burchill et al. (2016) study ranged from 11 to 28%, which may not be a sufficient range to see an effect. The current study used soils where clay content ranged from 5 to 57%, which was a sufficient range to detect the effect of clay content on NH 3 losses under field conditions. It is worth noting that even though there was a positive correlation between clay content and NH 3 losses, the highest losses did not come from the soils with the lowest clay content, but rather from the silty St-Lambert soil, which is the soil where many Canadian studies measuring NH 3 volatilization from urea banding occurred (Rochette et al., 2001 (Rochette et al., , 2009a (Rochette et al., , 2009b (Rochette et al., , 2013 .
The positive coefficient in the multiple linear regression for the pH max indicates that as pH max increases, so does the cumulative NH 3 volatilization, which was consistent with previous studies as well as the single regression model (Fig. 4) . The Mg 2+ concentration, however, was the second parameter selected in the multiple regression model even though it was not significantly related to cumulative NH 3 losses in the simple regression model (Fig. 4) . This negative correlation suggests that after accounting for the pH max , NH 3 volatilization losses will be less from soils with high Mg 2+ concentrations, which are linked to a higher capacity for fixing NH 4 + (Barshad, 1954; Dontsova et al., 2005) . The third parameter included in the multiple regression was the sand content. However, the negative coefficient indicates that as the sand concentration increases, the NH 3 volatilization decreases, which was the opposite of what we expected. This was likely related to the St-Lambert soil that had the second lowest sand content, but the highest volatilization losses, higher than the two other soils with lower clay but higher sand contents. Thus, the negative correlation between clay content and NH 3 could be related to the effect that the clay content has on pH max and NH 4 + adsorption and fixation capacity (i.e., CEC and replacement of Mg 2+ and Ca 2+ in the clay lattice). The effect of sand content therefore was likely through its influence on soil moisture, as a sandier texture reduces water retention, which can hamper urea hydrolysis (Wali et al., 2003) . This could explain why the change in NH 4 + concentration and change in pH in the high-sand Ste-Catherine and Chapais soils were smaller and slower than in the other soils. Thus, soils with low clay and high silt contents may have greater potential for NH 3 volatilization than soils with low clay and high sand contents.
Conclusion
The NH 3 volatilized after banding urea at 0.025-m depth was related to initial soil WC, the size of soil clods overlaying the band, and several soil physicochemical properties (e.g., pH max , clay content, CEC, and TA). There appears to be an "optimal" soil moisture content for NH 3 losses, and thus losses may be reduced by banding the urea when soils are not at the "optimal" WC. Ammonia losses may also be reduced by minimizing the porosity of the soil repacked above the urea band by ensuring proper closure of the furrow behind the injection coulter and by avoiding banding when soils are prone to producing large, hard clods. The amount of compression required may change according to soil properties. Finally, the fact that the NH 3 losses in this study were highest in the St-Lambert soil suggests that soils high in silt may lose more NH 3 when urea is applied in a subsurface band than soils with low silt content. As estimates of NH 3 losses from subsurface urea banding in eastern Canada are derived primarily from studies on the silty St-Lambert soil, our current estimates of regional NH 3 volatilization losses from banded urea may be biased. Therefore, further investigation at other sites in the region is needed.
